Introduction
The charmed and bottomed baryons which contain a heavy quark and two light quarks are particularly interesting for studying dynamics of the light quarks in the presence of a heavy quark. They behave as the QCD analogue of the familiar hydrogen bounded by the electromagnetic interaction, and serve as an excellent ground for testing predictions of the constituent quark models and heavy quark symmetry [1, 2] . The u, d and s quarks form an SU(3) flavor triplet, 3 × 3 =3 + 6, two light quarks can form diquarks of a symmetric sextet and an antisymmetric antitriplet. For the S-wave baryons, the sextet contains both spin- 1 2 and spin- 3 2 states, while the antitriplet contains only spin- 1 2 states. There have been many theoretical approaches dealing with the heavy baryons with one heavy quark, for example, the relativized potential quark model [3] , the Feynman-Hellmann theorem and semi-empirical mass formulas [4] , the Faddeev equation [5, 6] , the combined expansion in 1/m Q and 1/N c [7] , the lattice simulations [8, 9] , the relativistic quark-diquark approximation [10, 11] , the hyperfine interactions [12] , the QCD sum rules in the heavy quark effective field theory [13] , the variational approach [14] , and the full QCD sum rules [15, 16] , etc. The In the following, we briefly outline the operator product expansion for the correlation functions Π a (p) in perturbative QCD. The calculations are performed at large space-like momentum region p 2 ≪ 0, which corresponds to small distance x ≈ 0 required by validity of the operator product expansion. We write down the "full" propagators S ij (x) and S ij Q (x) of a massive quark in the presence of the vacuum condensates firstly [31] , 
where sg s σGs = sg s σ αβ G αβ s and
, then contract the quark fields in the correlation functions Π a (p) with Wick theorem, and obtain the result:
Substitute the full s, c and b quark propagators into above correlation functions and complete the integral in the coordinate space, then integrate over the variable k, we can obtain the correlation functions Π a i (p) at the level of quark-gluon degree of freedom. Once analytical results are obtained, then we can take the quark-hadron duality and perform Borel transform with respect to the variable P 2 = −p 2 , finally we obtain the following two sum rules with respect to the tensor structures p and 1 respectively:
where
. We carry out the operator product expansion to the vacuum condensates adding up to dimension-6 and calculate the same Feynman diagrams as in the sum rules for the 3 2 + heavy baryons [19] (where the two tensor structures g µν p and g µν are chosen), the contribution from each of the Feynman diagrams differs from the corresponding one in our previous work.
In calculation, we take assumption of vacuum saturation for the high dimension vacuum condensates, they are always factorized to lower condensates with vacuum saturation in the QCD sum rules, factorization works well in large N c limit. In this article, we take into account the contributions from the quark condensates ss , ss 2 , mixed condensate sg s σGs , gluon condensate αsGG π
, and neglect the contributions from other high dimension condensates, which are suppressed by large denominators and would not play significant roles.
Differentiate the above sum rules with respect to the variable 1 M 2 , then eliminate the pole residue λ Ωa , we obtain two QCD sum rules for the masses M Ωa with respect to the tensor structures p and 1, respectively.
In the heavy quark limit m Q → ∞, the quarks c and b degenerate, we replace the heavy quark field Q a (x) in the baryon current J a (x) with the effective field h(x) to obtain the interpolating current
in the heavy quark effective theory, which differs from the corresponding one constructed from the heavy quark effective theory remarkably and does not warrant the tensor structure 1+ v 2 [22] . In the heavy quark limit, the correlation function Π a (ω) (with ω = v · p) can be written as Π a (ω) = vΠ 1 (ω)+Π 2 (ω)(Π 1 (ω) = Π 2 (ω)). In Ref. [13] , the current operator
is used to interpolate the baryons Ω a , and the correlation function is written as Π a (ω) =
1+ v 2Π
(ω). The effective heavy quark propagator has the following form,
where the v µ is a four-vector with v 2 = 1. The calculations of the operator product expansion can be performed in the coordinate space and are greatly facilitated, as we do not need the mixed picture both in coordinate and momentum spaces. We calculate the same Feynman diagrams as in the full QCD, the contributions of some diagrams vanish in the heavy quark limit.
Finally we obtain two sum rules with respect to the tensor structures v and 1 respectively:
where we have used the definitions for the binding energyΛ and the pole residue F ,
is the Dirac spin vector in the heavy quark limit. Differentiate the above sum rules with respect to the variable
, then eliminate the pole residue F , we obtain two QCD sum rules for the binding energyΛ with respect to the tensor structures v and 1, respectively. is less than 3%, and the uncertainty is neglected here. We usually consult the experimental data in choosing the Borel parameter M 2 and the threshold parameter s 0 . There lack experimental data for the phenomenological hadronic spectral densities of the bottomed baryons at present, only the Λ b , Σ b , Σ * b , Ξ b [17] and Ω − b [18] have been observed, we can borrow some ideas from the light baryon spectra [17] .
Numerical results and discussions
For the octet baryons with J P = ; thereafter these parameters will be denoted as "Set I". In the heavy quark limit m Q → ∞, the corresponding Borel parameter T and threshold parameter ω 0 can be taken as T = (0.4 − 0.6) GeV and ω 0 = (1.7 − 1.9) GeV; and we will refer them as "Set III".
We can make another estimation for the threshold parameters by adding the heavy quark masses to the ground state Table.1 and Table. 2, respectively. From the two tables, we can expect convergence of the operator product expansion. The components Π a 1 (p) with the odd structure have smaller dimension of mass than the components Π a 2 (p) with the even structure, see Eq.(4), it is not unexpected that the components Π a 1 (p) have better convergent behavior in the operator product expansion and result in better QCD sum rules, see Table 4 .
In the heavy quark limit, the contribution from the quark condensate ss vanishes for the odd structure v, while the condensate ss has a numerical coefficient 3 π 2 for the even structure 1, see Eqs. (11) (12) , which can explain the hierarchy appears in the operator product expansion naturally, see Tables 1-2. The contributions of the pole terms for different sum rules are shown in Table 3 , from the table, we can see that the pole dominance condition is marginally satisfied for the parameters "Set I".
We can choose smaller Borel parameters M 2 or larger threshold parameters s 0 a to enhance the contributions from the ground states. However, if we take larger threshold parameter s 0 a , the contribution from the first radial excited state maybe included in; on the other hand, for smaller Borel parameter M 2 , the sum rules are not stable enough, the uncertainty with variation of the Borel parameter is large.
In this article, we also present the results with smaller Borel parameters M 2 and larger threshold parameters s . These parameters (denoted as "Set II") satisfy both pole dominance (see Table 3 ) and convergence of the operator product expansion.
Taking into account all uncertainties of the input parameters, finally we obtain the values of the masses and the pole residues of the heavy baryons Ω Table 4 ), respectively.
In the heavy quark limit, we obtain the binding energyΛ (see Fig.5 ) Λ = 1.30 ± 0.17 GeV , Λ = 1.10 ± 0.26 GeV ,
for the tensor structures v and 1 respectively. The corresponding masses are presented in Table 4 . Table 4 : The masses and pole residues from the sum rules with different tensor structures and input parameters. [17] , other theoretical predictions also indicate the value is about 2.7 GeV [4, 6, 7, 8, 9, 10, 11, 12, 13, 14] . The experimental value M Ω − b = 6.165 ± 0.010 ± 0.013 GeV is about 0.1 GeV larger than the existing theoretical calculations [4, 6, 7, 8, 9, 10, 11, 12, 13, 14] (including the QCD sum rules in the heavy quark effective theory with 1/m Q corrections [13] ), our predictions M Ω − b = (6.13 ± 0.12) GeV and M Ω − b = (6.18 ± 0.13) GeV based on the sum rules with the tensor structure p are excellent.
The parameters "Set I" satisfy the pole dominance criterion marginally, the parameters "Set II" have larger threshold parameters than that of the "Set I", which may take into account some contributions from the high resonances. More experimental data are needed to select the ideal sum rules. Once reasonable values of the pole residues λ Ωc and λ Ω b are obtained, we can take them as basic input parameters and study the hadronic processes with the (light-cone) QCD sum rules.
In Ref. [20] , the tensor structure p is chosen, and the spectral density (including the perturbative term, quark condensate term ss , mixed condensate term sg s σGs and gluon condensate term αsGG π ) differs from mine, the most evident difference is that the terms of the vacuum condensate ss present in Eq. (8) The sum rules in the heavy quark limit with the odd structure v also result in excellent values M Ω 0 c = (2.70 ± 0.27) GeV and M Ω − b = (6.10 ± 0.27) GeV, although the uncertainties are large; the values from the even structure 1 are not good enough, see Table 4 , the 1/m Q corrections maybe large. In Ref. [13] , the threshold parameter is taken as ω 0 = 1.55 GeV, which differs from mine remarkably. The predictions In this article, we do not take into account the next-to-leading order corrections to the perturbative term, the corrections maybe large. In the massless limit m s = m u = m d = 0, we can resort to analytical expressions of the correlation functions for the heavy baryon currents with one heavy quark in the finite mass limit [37, 38] or infinite mass limit [39, 40] to make possible improvement for the predicted masses M Ωa , while the next-to-leading order corrections to the perturbative terms for the baryon currents with three massless quarks are calculated in Refs. [41, 42, 43, 44] . The analytical expressions of the perturbative α s corrections presented in Ref. [37] are lengthy enough; while the expressions in the heavy quark limit m Q → ∞ are simpler and more easy to deal with, however, the interpolating current differs from mine remarkably [39, 40] . The mass of the s quark plays an important role, the Ω b and Σ b have equal masses in the limit m s = 0, from the experimental data M Σ b = (5807.8 ± 2.7) MeV [17] , we can see that the flavor SU(3) breaking effects (about 350 MeV) are rather large, m s = m u = m d = 0 maybe a crude approximation. We prefer another work to study those perturbative effects in detail.
Conclusion
In this article, we employ the QCD sum rules to calculate the masses and the pole residues of the heavy baryons Ω is about 0.1 GeV lower than the experimental value. We can take the pole residues λ Ωc and λ Ω b as basic parameters and study the hadronic processes, for example, Ω * Q → Ω Q γ.
